Muscleblind-like (MBNL) proteins bind to hundreds of pre-and mature mRNAs to regulate their alternative splicing, alternative polyadenylation, stability and subcellular localization. Once MBNLs are withheld from transcript regulation, cellular machineries generate products inapt for precise embryonal/adult developmental tasks and myotonic dystrophy, a devastating multi-systemic genetic disorder, develops. We have recently demonstrated that all three MBNL paralogs are capable of fine-tuning cellular content of one of the three MBNL paralogs, MBNL1, by binding to the first coding exon (e1) of its pre-mRNA. Intriguingly, this autoregulatory feedback loop grounded on alternative splicing of e1 appears to play a crucial role in delaying the onset of myotonic dystrophy. Here, we describe this process in the context of other autoregulatory and regulatory loops that maintain the content and diverse functions of MBNL proteins at optimal level in health and disease, thus supporting the overall cellular homeostasis.
Introduction
One could think of the whole cellular system in a simplistic manner as a fragile assembly built from a deck of cards with one lacking card as the prerequisite for the catastrophe. The alternate vision would be more complex, dynamic, evolved over many years, where each loss is monitored by an intricate web of feedback loops, bringing the cell back, despite the deficit, to its optimal status. In that case, one missing element would be sensed and replaced, often by upregulation of a homologous protein. The feedback loop mechanisms would be particularly important for major players, having a role in pushing the cell's fate towards a particular direction depending on the state of the organism. Of course, the range of such self-repair interventions would be limited, with some alterations overtaxing adaptive responses. Nevertheless, these reactions might constitute the first defenses and despite their limited efficiency, could help avoid cell death, for example, and in turn prolong the patient's life. Understanding this intricate web could allow us to design the best therapeutic intervention as not always it is restoring the missing element. Sometimes, the imperfect counterpart might be a better option due to, for instance, immune rejection of the normally best fitting protein 1 or feasibility of using an alternative response path. 2 In line of this view comes our recent discovery showing that one of the three members of the Muscleblind-like (MBNL) family, MBNL1, a developmental sensor that controls hundreds of alternative splicing events and alternative 3 0 UTRs, self-regulates its content and function, feeding back to its spliceable mRNA template, with other MBNLs contributing to this phenomenon 3 ( Figs. 1 and 2 ). This autoregulatory course is of particular importance as once overtaxed it may lead to MBNL1 functional deficiency, and in turn, myotonic dystrophy (DM), a heritable, incurable and devastating genetic disorder. 4 Here, we look at this process from a broader perspective, including regulatory expression of other MBNL paralogs, showing the overall multilayered complexity of MBNL's overlapping and opposing roles in maintaining homeostasis. In all of these processes, RNA molecules serve as flexible templates for the building blocks, the proteins, that not only perform their functions but also respond back to the mother particles. In the end, we ponder whether we could benefit from this acquired knowledge in designing a therapy, having in mind an intervention allowing each cell in the body to find its optimal status independently, using feedback loop mechanisms, and thus reaching the overall health of the organism without causing toxicity or unwanted side-effects.
DM as a disease of overtaxed autoregulatory processes
DM is an autosomal dominant multi-systemic disorder, which primarily affects musculature. [5] [6] [7] According to the current state of knowledge, the disease is caused mainly by MBNL sequestration by expanded CUG or CCUG repeats harbored within the DMPK or CNBP transcripts, and respectively, distinguished as one of the two types, DM1 or DM2. The inherited mutation somatically expands with time, which further worsens the phenotype of affected patients and adds to the progressive character of DM. Entrapped MBNL cannot fulfill its normal function which, among others, is the regulation of hundreds of alternative splicing events that adapts mRNA transcripts to the given developmental state. 8, 9 This leads to a paradox -while the patients' body ages, the splicing patterns of many mRNAs reverse to the early developmental stage, and the translated proteins are unfit to perform the adult functions. In all, this results in a number of pathologies such as myotonia, muscle wasting, weakness, cardiac conduction defects, cataracts, breathing problems, and cognitive deficits, among others.
Switching MBNL1 on and off: the e1 loop
While searching for MBNL1 targets we found, among many other mRNAs, MBNL1's own transcript and, to advance the comprehension of our finding in a broader context, we expanded the previously reported autoregulation of MBNL1 10 by describing a new feedback loop that switches MBNL1 expression on and off 3 ( Fig. 2) . With cells having too much MBNL, the protein binds to the first coding exon (e1) of MBNL1 mRNA, which spliceosome then omits in the assembly process to produce the e1-depleted mature transcript giving rise to a very unstable MBNL1 protein isoform. Moreover, once a GFP tag is placed in front of the coding sequence, the truncated MBNL1 is stabilized, however, its splicing function is heavily compromised. The reason for this is that the lack of e1 shifts the translation start to e2 and the resulting protein lacks two of the four zinc fingers (ZnFs) that are normally used to attach to mRNA targets. Altogether, this feedback loop keeps the level of MBNL1 in check. During development, the MBNL1 RNA and protein level rise and, with time, mRNAs without e1 start to dominate while only a fraction of total MBNL1 transcript gives rise to the highly functional isoform containing e1. One could envision this additionally generated mRNA as a backup for more demanding times. While the content of MBNL1 drops, 0 exons (derived from transcription start site T1, T2 and T3) and alternatively spliced exons (e1, e3, e5, e7 and e8). Zinc finger motifs 1/2 and 3/4 are marked orange and purple, respectively. Schematic structure of MBNL1-dependent circRNA generated by circularization of e1 is also depicted underneath the mRNA schematic. Lower panel shows representative RT-PCR analysis of MBNL1 splicing in HeLa cells transiently transfected with GFP (control) or either of the expression constructs encoding for MBNL1, 2 or 3. Forward primer is located in e5 0 /2 (T2-derived) and reverse primer in e6 (marked with arrows in the upper panel schematic). Bands representing Ce1 and -e1 MBNL1 mRNA splice isoforms differing also in e3 and e5 content are indicated. Note that the splicing pattern is similar regardless of the MBNL paralog used for transfection and all three alternative exons are negatively regulated by MBNLs. The data shown have not been previously published. Detailed preparation of the samples was described in 3 . Figure 2 . Switching MBNL1 on and off: the e1 loop. Upper panel (a) shows schematic representation of e1 splicing in MBNL1 pre-mRNA depending on transcription initiation start site T1 (left), T2 (middle) and T3 (right). T1-and T3-derived MBNL1 transcripts exhibit always skipped or included e1, respectively, independent of MBNL1. In contrast, T2-derived MBNL1 transcripts are subject to MBNL-dependent e1-splicing and feedback loop regulation outlined in lower panel (b). T2-derived MBNL1 transcripts are subject to MBNL-dependent e1-splicing. Fully functional MBNL1 protein translated from e1-containing MBNL1 mRNAs switches off its own expression by prompting e1 exclusion from MBNL1 pre-mRNA (exOFF). This results in MBNL1 proteins with compromised splicing activity and stability due to the absence of ZnF1/2. Truncated MBNL1 is no longer able to hinder e1 inclusion into mature mRNA, thus switching back the expression of the fully functional e1-containing MBNL1 (exON). Similarly, functional depletion of MBNL in DM, caused by sequestration on expanded C/CUG repeats, hinders MBNL1 splicing activity resulting in e1 inclusion and increased production of a fully functional MBNL1 (CNBP/DMPK C/CUG-expanded transcripts folding into toxic hairpin structures are indicated). Note, however, that in DM, the e1 feedback loop based on activation of e1 inclusion is overtaxed with time, depending on the length of sequestering C/ CUG repeats and their somatic expansion. Orange and blue rectangles represent MBNL1 exons (numbered), and translation start sites (AUG) in specific splice-isoforms (Ce1 or -e1) are indicated. MBNL1 proteins are depicted as large blue circles with ZnF1/2 and ZnF3/4 shown as smaller orange and purple circles, respectively. Truncated MBNL1 with compromised stability is shown as fading blue circles. Arrows point to direction of the e1-feedback loop. The model shown in a and b is based on our recently published data 3 .
repression of e1 is lifted and the cell starts to produce the highly functional MBNL1 to reach the appropriate protein level. On the other hand, this mechanism might also prevent cells from producing too much MBNL1, which in higher concentrations could be toxic. In DM, this feedback loop based on activation of e1 inclusion is obviously overtaxed with time, depending on the length of sequestering C/CUG repeats and their somatic expansion, which results in incongruent splicing of RNA transcripts and generation of proteins inapt for adult tasks.
The e1 feedback loop is particularly active in skeletal and cardiac muscles, which correlates with the overall high MBNL expression level in these tissues 11 and the fact that several muscle-specific mRNAs controlled by MBNL, such as ABLIM1, BIN1, CACNA1S, CLCN1, INSR, once translated to the developmentally incorrect isoform, markedly contribute to the DM phenotype. [12] [13] [14] [15] [16] [17] [18] The reason for the tissue-dependent difference in the activity of this loop is that MBNL1 transcription may start from one of the three sites (T1-T3; Figs. 1 & 2a), with each giving rise to a different 5 0 UTR exon, preceding e1, and with each operated autonomously by a distinct promoter. Rare T1 and the second most frequent in striated muscles T3 transcripts exhibited always skipped and included e1, respectively. However, in contrast to T2 mRNAs, the former were never regulated by the content of MBNL, but rather their splicing pattern seemed to be solely based on the length of the intron, that is the distance between the 5 0 UTR exon and e1, which varies enormously, ranging from 55 kb to only 0.2 kb. On the contrary, the in-between starting T2-derived transcripts had either included or excluded e1 depending on the MBNL content. Consequently, we conclude that tight regulation of MBNL cellular level in striated muscles prevents rapid changes in its cellular content, signifying important functions of MBNL1 in these tissues, with presumably less significant roles of the e1 loop in tissues, in which T3-derived transcripts are relatively more abundant.
Shuttling MBNL1/2 from the cytoplasm to the nucleus: the e5 loop While the e1-dependent loop is an on/off switch for MBNL1 expression, the second, aforementioned loop based on autoregulatory splicing of the 54 nucleotide-long exon (e5), shifts the protein content from predominantly cytoplasmic to exclusively nuclear (Fig. 3) . 10, [19] [20] [21] [22] Here, MBNL1 binds to several sites in intron 4, which presumably alters the RNA structure and hinders formation of a functional spliceosome. 23 As a consequence, e5 is omitted from the mature mRNA and the protein lacks a half of its bipartite nuclear localization signal (NLS). The resulting alteration leaves a portion of the protein in the cytoplasm, turning it away from its splicing function. Consistently, our comparative analysis of force expressed MBNL1 without and with e5, both devoid of a GFP tag, revealed higher splicing activity of the latter in the splicing of four endogenous targets. 3 At first, this regulatory exclusion of e5 appears to have the same negative effect on MBNL1 as skipping of e1. However, cytoplasmic isoforms also participate in controlling RNA metabolism, as stabilizers of mRNA transcripts and as their transporters to various sites in the cell, such as the membrane, polysomes, or neurites in neurons 8, 24 , and the resultant affected stability of mRNA targets in MBNL functional deficiency might contribute to the DM development. 25 Nevertheless, it could be that these roles are just secondary to regulation of alternative splicing because in MBNL1 functional deficiency, like in DM, alterations based on the function of both autoregulatory feedback loops, are aimed, above all, to increase the nuclear, splicing function of MBNL1. This subcellular shift of MBNL1 might also pertain to the order of time, that is, the cargo has to be generated first to be then moved to various destination places. On the other hand, in a healthy cell, there could be a cross-talk between the e1 and e5 pathways, possibly involving other RNA binding proteins or solely based on binding stoichiometry of MBNL to different sites of the transcript in order to maintain the total protein level as well as its cytoplasmic/nuclear ratio optimal. Figure 3 . Shuttling MBNL1 and MBNL2 (MBNL1/2) from the cytoplasm to the nucleus: the e5 loop. In schematic diagram depicting e5 loop (a), MBNL1/2 proteins bind to several sites in intron 4 leading to e5 skipping from mature mRNA. MBNL1/2 proteins derived from -e5 mRNAs (blue circles) contain incomplete nuclear localization signal (NLS), which leaves a portion of the protein in the cytoplasm turning it away from its nuclear splicing function (only part of the protein derived from -e5 mRNA is transported back to the nucleus; depicted as curved dotted line arrow). In the absence of MBNLs, or when the protein level is low, e5 is included into mature mRNA translating into a protein with entire NLS (Ce5 MBNL proteins marked as blue/yellow circles). This leads to MBNL1/2 transport into the nucleus (curved line arrow), where it fulfills its regulatory alternative splicing function and also loops back by shutting off e5 inclusion into its own mRNA. Blue color indicates constitutive exons, yellow indicates alternatively spliced e5. Panel (b) shows representative RT-PCR analyses of MBNL2 e5 splicing in developing murine skeletal muscles (left) as well as adult skeletal muscles of non-DM1 (control) and DM1-patients (right). Similar analyses have been previously performed for MBNL1 e5 in humans, mice and chickens 22, 57 . Splice isoforms are indicated with black (Ce5) and white (-e5) arrowheads. Increasing level of MBNL proteins throughout the course of murine skeletal muscles development is indicated with triangle below left panel. Abbreviations: sk muscle, skeletal muscle; Embr, embryonic day 18; P2, P8 and P20, postnatal day 2, 8 and 20, respectively; Ad, adult. The model shown in a is based on the previously published data 10, [21] [22] [23] 57 .
Other autoregulatory loops
Besides e1 and e5, some of the other MBNL1 alternatively spliced exons are also sensitive to MBNL content, including e3, e7 and e8 (201, 36, and 95 nucleotides, respectively; Fig. 1) . 11, 21, 22 In our experiments, exclusion of e1 in HeLa cells was paralleled by skipping of e3 from the mature mRNA, once MBNL1 content reached a relatively high threshold level (Fig. 1) . 3 As e3 encodes a linker joining two pairs of ZnFs, its absence further incapacitates MBNL1-related splicing 19, 26 . Consequently, the e3-based loop might be an auxiliary preventive measure protecting the cell from MBNL excess, given that we detected low activity level of MBNL1 lacking e1. Similarly, e7 and e8 analogously respond to MBNL content and their inclusion into mature mRNA is significantly higher in DM. 21 While not much is known about the function of e8, e7 has been implicated in increasing MBNL1 affinity to RNA and the protein self-dimerization. 19, 27 As a result, MBNL1 protein generated from mRNAs containing e7 as well as e5 had the highest processing capacity. 19 In a more recent study, however, MBNL1 isoforms with/without e7 and e8 did not differ much in the splicing of the majority of the tested endogenous targets, while for other exons a splicing pattern dependent on the mRNA sequence and the binding position relative to the alternative exon was noted. 21 Nevertheless, it is important to mention that most of the MBNL1 isoform comparative studies use GFP fusion proteins and do not take into the account that the GFP tag affects the protein properties, such as the stability 3 , thus further studies elucidating their exact functions should follow. Altogether, we hypothesize that all MBNL1 alternative exons sensitive to MBNL protein content are in one way or another negatively regulated in terms of feedback loops. Furthermore, we conclude that the control of e1 and e5 splicing constitute central autoregulatory pathways for MBNL1 cellular activity.
Complementary functions of MBNL paralogs
For the most part, the DM phenotype results from sequestration of the three MBNL paralogs, which bind to vastly analogous sequences in RNA transcripts, including expanded C/CUG sequences, owing to the conserved structure of ZnFs. 8, 21, [28] [29] [30] Sequential analyses of MBNL knock-out (KO) mice revealed their discernible roles, grounded mostly on their differential, time-and tissue-restricted localizations, as well as highly complementary functions.
MBNL1 partially compensates for the lack of MBNL2 and vice versa
MBNL1 KO mice show generalized muscular spliceopathy, with approximately 80-90% alterations akin to the ones observed in the transgenic mouse model of DM 9 expressing over 200 CTG repeats driven by human skeletal actin promoter (HSA LR ) 31 , yet again underscoring the role of MBNL1 as the main splicing factor contributing to the skeletal muscle pathology in DM. In comparison, MBNL1 KO mice exhibit only modest splicing alterations in the brain 32 , with more severe phenotype observed in MBNL2 KOs 29 , consistent with the previous reports demonstrating that the latter is the major paralog in the central nervous system. 11, 33 Notably, deletion of only one paralog resulted in the increasing concentration of the other, which was especially evident for the high molecular isoform derived from mRNA containing exons normally skipped from the transcript upon high overall content of MBNLs. 8, 21, 29, 34 The importance of this modulation is further emphasized by the fact that double KO mice are embryonic lethal and that conditional deletion of MBNL2 on the MBNL1 KO background causes very robust splicing shifts, exceeding the ones seen in either of the single KO mouse models 34 but resembling the level of spliceopathy observed in highly affected DM patients.
These studies show that once the adult pool of MBNL, that consists almost exclusively of MBNL1 and MBNL2 11, 33 , is diminished, an increase in the expression of the highly potent, nuclear isoform of either of the paralog containing e5 is triggered. However, while MBNL2 contains alternatively spliced e5 that is regulated by both proteins, the e1 loop is virtually nonactive in MBNL2 3 . Furthermore, an increase in the MBNL2 protein content is presumably preceded by the rise in transcript amount, while such pattern might be secondary to the e1 inclusion in MBNL1 ( Fig. 4; 3 ). In summary, an increase of MBNL1 can be solely explained by inclusion of e1 into the mature mRNA, a process that is regulated by all MBNLs, and higher (left) and MBNL2 (right) transcripts in DM1 fibroblasts (»1000 CUGs) with siRNAmediated knock-down of MBNL1 or MBNL2 or both. AllStars negative control siRNA (Qiagen) was used as a control (siCtrl). Note that siRNA-mediated MBNL1 knockdown results in MBNL2 mRNA increase, but not vice-versa (upper panel). Also, combined knock-down of MBNL1 and MBNL2 augments e5 inclusion when compared to knock-down of either of the paralogs alone (lower panel). Also note that 1000 CUGs DM1 fibroblasts have already partially depleted basal level of functional MBNLs due to their sequestration by expanded CUG repeats. In non-DM1 fibroblasts the following values for e5 splicing were obtained, MBNL1: Mock 3.50% ( §1.49), siCtrl 5.03% ( § 0.74), siMBNL1 12.32% ( §3.81); MBNL2: Mock 2.52% ( §0.59), siCtrl 2.92% ( §0.13), siMBNL1 18.45% ( §1.06) (data not included in bar graphs). The data shown have not been previously published. Detailed preparation of the samples was described in 3 . stability of the translated product; while the upregulation of MBNL2 seems to be controlled by other mechanisms (see also below).
MBNL3 and its own autoregulatory loop
While MBNL1 and MBNL2 are ubiquitously expressed and have highly complementary roles in postnatal tissues, MBNL3 expression is rather restricted to the embryonic life and the adult muscle differentiation, where it drives efficient myotube reconstitution following injury 30 . This paralog also differs most from the others in terms of the sequence and protein structure, as highlighted by the fact that neither of the major feedback loops (e1 and e5) operate in MBNL3 in the way they work for other paralogs. First, opposing the results with MBNL1, isoforms lacking e1 can be readily detected for MBNL3 and one could reason that MBNL3-specific sequences, not present in MBNL1, are responsible for this enhanced isoform stability. The excision and inclusion of MBNL3 e1 did not depend on MBNL1 administration in HeLa cells (our unpublished data, not shown), although an increase in the content of the low molecular isoform is observed in mice devoid of the high molecular isoform. 30 Interestingly, this truncated isoform also relocates to the nucleus, where it can partially compensate for the full-length protein as shown by increased number of associated truncated MBNL3 to mRNA targets upon deletion of its full-length counterpart. Intriguingly, this nuclear relocalization is not based on the e5 loop, since the corresponding exon and the necessary sequence encoding the first half of the bipartite NLS, present in MBNL1 and MBNL2, is non-existent in MBNL3. Since MBNL3 protein levels do not change in MBNL1 KO mice, as opposed to MBNL2 34 , and because MBNL1 content is unaffected by the absence of the high molecular MBNL3 30 , we hypothesize that MBNL3 expression is regulated independently from other paralogs. One form of such regulation could be transcription of the full-length isoform and its truncated counterpart from different transcription start sites.
Other regulatory pathways of MBNL expression
An additional negative feedback loop mechanism based on circularization of e1, at the expense of the full-length transcript, has been described in Drosophila and also indicated for humans. 35 The overall model points to the role of MBNL1 as the factor that halts production of its own mRNA by binding to introns flanking e1, bridging them and initiating spliceosomedependent formation of e1 circular RNA (e1 circRNA; Fig. 1 ). In that case, the MBNL-specific consensus binding sites contained in e1 circRNA would also act as a sponge absorbing the excess of the protein. However, while circRNA biogenesis reacted to modulation of Mbl, a Drosophila ortholog of MBNL1, we detected comparable levels of e1 circRNA in control, DM and HSA LR muscle samples, despite significant increase in MBNL1 transcript levels following MBNL sequestration. 3 It is not known if/to what extent e1 is alternatively spliced in Drosophila, however, it could be that the biogenesis of mbl is rather dependent on generation of circRNA, while the similar effect in mammals is achieved by the e1 loop grounded on alternative splicing. In all, this indicates the importance of precise regulation of MBNL expression during evolution.
Micro RNAs and RNA binding proteins can also modulate MBNL levels by binding to the 3 0 UTRs of their mRNAs (Fig. 1) . Particularly, a set of miR30-5p miRNAs distinctively repressed MBNL paralogs 36 while knock-down of CELF1, the MBNL functional antagonist, decreased the decay rate of MBNL1 mRNA. 37 Intriguingly, marked stabilization was observed for MBNL2 mRNA following administration of siRNA against either CELF1 or MBNL1 in C2C12 cells 37 (see also Fig. 4) . Apart from affecting the half-life of MBNL transcripts by binding to its 3 0 UTR, CELF proteins antagonistically regulate alternative splicing of over 200 exons regulated by MBNL, among them the 95 nucleotide-long MBNL2 exon. 38, 39 The referred data indicate that MBNL binding to the 3 0 UTR of their own mRNAs supplements the loops based on alternative splicing in the autoregulatory expression of MBNLs.
MBNLs as a part of cellular splicing factor machinery
Alternative exons are often regulated by more than one splicing factor, which indicates that MBNL loops are a part of a larger splicing factor system that adjust transcript message in a cell for specific needs in a given time. For instance, the final message encoded in RNA may be an outcome of cooperative or antagonistic regulation of MBNLs and RBFOXs, PTBPs, STAUFEN, or previously mentioned CELF proteins. 38, [40] [41] [42] Autoregulatory feedback loops have been reported for many splicing paralogs, including RBFOX1/2, PTBP1/2 or hnRNP L/LL [43] [44] [45] [46] . These loops, similarly to the ones described for MBNLs, act in two distinct but complementary ways: (1) an excess of a splicing regulator is paralleled by exclusion of an exon in its own (and often its paralog) mRNA and the resultant transcript is either subject to nonsense-mediated decay, as in the case of PTBP and hnRNP L, or generates a truncated protein that is unstable or antagonizes the full-length counterpart as reported for MBNL1 and RBFOX, respectively; and (2) a loss of one paralog is accompanied by a compensatory increase of the other (for instance, RBFOX1 deletion in the brain results in 60% increase of RBFOX2 47 ). In general, one could conclude that these autoregulatory pathways act to prevent loss of a splicing regulator due to cancelling mutations and to keep the factor functional homeostasis depending on the cellular demand. Until now, MBNL1 expression has been indicated to be directly coupled to RBFOX loops 44, 47, 48 , where, similarly to RBFOX itself, it binds and excludes an alternative exon in RBFOX that is necessary for generation of a fully functional isoform 9, 41 . Therapies based on increasing the pool of functional MBNL One could envision two distinct ways to increase functional content of MBNL in DM tissues, that is, by: (1) releasing MBNL molecules from pathogenic sequestration by expanded C/CUG repeats, and (2) boosting the content of MBNL to oversaturate the mutant DMPK and CNBP mRNAs with MBNL molecules, so that the excess protein could perform its normal tasks. In the first scenario, chemically modified antisense oligonucleotides (AONs) or small compounds with relatively high affinity to the RNA repeats, but not to other MBNL binding sites contained in pre-mRNA targets, can be designed and effectively administered to the cells. 11, 49 In addition to blocking C/CUG repeats within DMPK and CNBP mRNAs, AON analogs with specific chemical modifications and short interfering RNAs can be employed to degrade the mutated transcripts by triggering Ribonuclease H (RNase H) and RNA interference mechanisms, respectively. 4, 49, 50 Conversely, delivery of recombinant AAV vectors carrying MBNL1 corrected the splicing and reversed myotonia in HSA LR mice, showing that the overall expansion of the MBNL pool is a viable, alternative therapeutic option 51 . Such increases and the resultant correction of the DM-like phenotype have also been obtained with: miRNA sponge constructs specific for dme-miR-277 and dme-miR-304 targeting 3 0 UTR of mbl mRNAs in a Drosophila model of DM 52 ; histone deacetylase inhibitors in DM1 patient-derived cells 53 ; and following delivery of phenylbutazone, a non-steroidal anti-inflammatory drug, into HSA LR mice. 54 Intriguingly, phenylbutazone elevated transcription by suppressing methylation of a specific region in intron 1, which most presumably coincided with activation of T3 transcription start site 3 , and generation of mRNAs that on one hand would translate into highly functional MBNL1 but on the other, would not be regulated by the feedback loop grounded on alternative splicing of e1.
Conclusions
Restoration of MBNL function in DM cells and tissues corrects the alternative splicing and revokes pathology such as myotonia. Therefore, the therapy of choice should aim at increasing functional pool of MBNL, either by releasing it from expanded C/ CUG repeats or increasing its overall quantity. At the same time, side effects caused by overloading of the MBNL pool could be limited by taking into the account the feedback loop mechanisms that maintain the cellular homeostasis as well as other processes that might be involved in development of myotonic dystrophy, such as higher activity of hyper-phosphorylated CELF1
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, non-canonical repeat-associated non-AUG (RAN) translation from the expanded repeats, 56 or DMPK/CNBP loss. 4 This is of particular importance when considering systemic and life-time application of therapeutic drugs. For exogenous activation of MBNL transcription, MBNL1 transcription start site T2 seems to be the most suitable target, as the ensuing pre-mRNA is susceptible to both major loops, e1 and e5, and hence, theoretically, following induction each cell in the body could reach the optimal MBNL content.
